Long-term potentiation (LTP) is the principal model of synaptic plasticity often used to explain the changes that occur in the brain as a result of learning and memory. In this experiment the relationship between rat posterior parietal cortex (PPC) transcallosal evoked field potentials (TCEPs) and spatial training in the water maze was examined to determine if LTP-like changes (i.e. learning-induced LTP) in PPC TCEPs occur as a result of spatial training. Spatial training consisted of 10 trials per day for 10 consecutive days. The location of the hidden platform was changed over the course of spatial training to ensure the rats' acquisition of several different platform positions. TCEPs were taken 1 and 23 h after each training session. Upon completion of all water maze training, the animals were administered LTP-inducing trains to ensure that the recording arrangement and procedure was capable of detecting LTP. The results showed that the rats quickly acquired the water maze task and that the recording arrangement and procedure were capable of detecting LTP, even after the first session of induction. However, despite robust place learning, the TCEPs taken after water maze training did not differ from those taken before water maze training. Although the present results failed to provide any evidence for a role of neocortical LTP in learning and memory, further studies of this nature are required to determine if the present results generalize to different behavioural tasks and/or cortical areas.
Long-term potentiation (LTP) is the enduring facilitation of synaptic transmission that can result when high-frequency electrical stimulation is delivered to presynaptic neurons. LTP was first discovered in the hippocampal formation by Bliss and Lømo in 1973 and has since received a great deal of attention because of its hypothesized role in memory formation. There are at least three features of hippocampal LTP that make it a suitable candidate for the underlying synaptic mechanism of memory storage: (i) it can be rapidly induced; (ii) it can be established using associative inputs; and (iii) it can be relatively long lasting (Bliss and Collingridge, 1993) .
However, despite these attractive features, the available evidence from the major paradigms used to evaluate whether hippocampal LTP plays a role in learning and memory remains inconsistent. For example, studies that have administered NMDA antagonists in dosages sufficient to block the induction of NMDA receptor-dependent hippocampal LTP have reported both impaired (Morris et al., 1986 Morris, 1989) and non-impaired spatial learning (Caramanos and Shapiro, 1994; Bannerman et al., 1995a,b; Saucier and Cain, 1995; Cain et al., 1997) . Furthermore, the initial report that bilateral saturation of hippocampal LTP caused impairments in water maze spatial learning (Castro et al., 1989) was not confirmed by later studies (Cain et al., 1993; Jeffery and Morris, 1993; Korol et al., 1993; Sutherland et al., 1993) . However, recent work involving more complete saturation has provided evidence that LTP saturation can impair spatial learning (Barnes et al., 1994; Moser et al., 1997) . In addition, studies that have used gene-deleted mice with impaired hippocampal LTP have reported both impaired (Grant et al., 1992; Abeliovitch et al., 1993; Tsien et al., 1996) and non-impaired spatial learning (Huang et al., 1995; Huerta et al., 1996; Nosten-Bertrand et al., 1996) . Finally, studies that have sought to document learning-induced LTP have also yielded inconsistent results. For example, earlier studies that did not control for the effects of ongoing behaviour (Winson and Abzug, 1978; Buzsaki et al., 1981) or brain temperature changes (Moser et al., 1993) on the hippocampal evoked potential (EP) at the time of recording frequently reported evidence of learninginduced LTP (Sharp et al., 1985; Roman et al., 1987; Skelton et al., 1987) . Later studies that did employ appropriate controls for these effects failed to report learning-induced LTP (Hargreaves et al., 1990; Cain et al., 1993; Moser et al., 1993 Moser et al., , 1994 , although short-term changes in hippocampal field potentials can occur as a result of spatial learning (Moser et al., 1994) . However, recent evidence now suggests that learning-induced LTP can be observed in the amygdala when appropriate controls are used (Rogan et al., 1997) . In sum, the functional relationship between hippocampal LTP and the synaptic basis of learning and memory remains unclear.
However, because it is widely believed that the hippocampus acts primarily to form rapid associations between stimulus features that are ultimately consolidated in the neocortex (Squire and Zola-Morgan, 1991) , the neocortex might constitute a better neural site for a test of the LTP-memory hypothesis. It has been suggested that before LTP can be taken seriously as a model of memory storage, the properties that govern its expression in the neocortex must first be determined (Racine et al., 1995b) . More generally, it has been stated that a major requirement of the LTP-memory hypothesis, regardless of anatomical location, is to establish that LTP occurs naturally as a result of behavioural learning (Morris and Davis, 1994) .
Therefore, we chose to evaluate the expression of learninginduced LTP in the neocortex as a result of water maze training. In this task rodents are placed in a pool of opaque water and required to learn the location of a submerged platform that serves as the only refuge from the water (Morris, 1981) . This task was selected because it is rapidly acquired, a number of different platform locations are possible, and it allows for multiple sequences of training and LTP testing (see below). The posterior parietal cortex (PPC; area PAR 1 of Zilles, 1985) was selected as the site for electrode implantation and recording. The PPC has been deemed 'multisensory association cortex' because of its extensive cortico-cortical connections (Miller and Vogt, 1984; Kolb and Walkey, 1987) . Thus, the nature of these connections makes the PPC extremely well suited for mediating at least some aspects of spatial navigation (Kolb and Walkey, 1987) . Furthermore, lesion damage restricted to this area has been shown to produce deficits in water maze acquisition (Kolb and Walkey, 1987; Kolb et al., 1994 ; but see McDaniel and Skeel, 1993) .
Taken together, these properties make the PPC a promising site for observing learning-induced LTP as a result of spatial training.
LTP is well documented in the neocortex of slice and whole-animal preparations (Artola and Singer, 1987; Komatsu et al., 1988; Kimura et al., 1989; Racine et al., 1994b Racine et al., , 1995b ), but has not been studied in the neocortex of behaving animals trained in a specific task. Therefore, in this study rats were chronically implanted with electrodes placed in mirror sites of the PPC to determine if the transcallosal evoked field potential (TCEP) changed as a result of spatial training. The monosynaptic short latency surface-negative component of the TCEP was selected for study because it is regarded as a population excitator y postsynaptic potential (EPSP) and undergoes LTP that is comparable in magnitude to that obser ved in the hippocampus (see Materials and Methods). To ensure that our recording arrangement and procedure was capable of detecting changes in the TCEP, the animals were given a series of LTP-inducing trains after water maze training was complete.
Materials and Methods

Subjects
The subjects were seven male hooded Long-Evans rats bred at the University of Western Ontario. The rats were housed in single hanging wire mesh cages, maintained on a 12:12 light/dark cycle, and provided with ad libitum access to food and water. At the time of surgery the rats weighed between 350 and 450 g. This experiment was conducted in accordance with the guidelines prescribed by the Canadian Council for Animal Care.
Surgery
The rats were pretreated with atropine methylnitrate (7.5 mg/kg i.p.) and xylazine (15 mg/kg i.p.), followed by sodium pentobarbitol anesthesia (65 mg/kg i.p.). Bipolar stainless steel Tef lon-coated electrodes were implanted in mirror sites of the PPC using standard stereotaxic procedures, with the skull f lat in the stereotaxic instrument. A stimulating electrode was placed in the right hemisphere, a recording electrode was placed in the left hemisphere [AP -4.3 mm from bregma and ±5.0 mm from midline (Zilles, 1985) ] and ground screws were placed over the olfactory bulb and cerebellum. All electrodes and corresponding grounds were attached to gold-plated pins that were inserted into a connector plug that was cemented to the rat's skull. The final depth of each electrode was determined by monitoring the magnitude of the TCEP during surgery because: (i) the amount of inducible electrophysiological LTP did not vary as a function of recording depth in acutely prepared anesthetized rats (Racine et al., 1994b) ; and (ii) there was no correlation between electrophysiological LTP and recording depth in chronically prepared freely moving rats (Racine et al., 1994a) .
Stimulation and Recording
A Grass model S8800 constant current stimulator was used to deliver all test pulses and high-frequency trains. All recordings were bipolar and made using Grass amplifiers with half amplitude filters set at 1 Hz and 3 KHz. A fter a 12-14 day post-surgical recovery period the rats were given a series of biphasic square wave test pulses (0.1 ms each phase), at varying intensities (100-1500 µA), in order to establish an input/output (I/O) profile. Averaged TCEPs (xTCEPs) were calculated from 10 individual sweeps that were sampled at a rate of 20 points per ms. Based on each individual rat's I/O profile, low, medium and high test pulse intensities were selected for use in the remainder of the study (see Procedure) because it is known that the amount of detectable hippocampal LTP may vary as a function of test pulse intensity (Cain et al., 1993; Leung and Au, 1993) . Due to the observation that TCEPs vary as a function of concurrent motor activity (Racine et al., 1975; Winson and Azbug, 1978; Buzsaki et al., 1981; Vanderwolf et al., 1987; Dringenberg and Vanderwolf, 1994) , all test pulses and high-frequency trains were delivered during awake immobility (Hargreaves et al., 1990) .
The cells of origin forming the corpus callosal system originate in layers II-V I and project to all layers of the contralateral neocortex (Heimer et al., 1967; Jacobson and Trojanowski, 1974) . Stimulation of the mirror site produces a well-characterized field potential (Curtis, 1940; Chang, 1953; Vanderwolf et al., 1987; Dringenberg and Vanderwolf, 1994; Racine et al., 1994a Racine et al., ,b, 1995b . The monosynaptic short latency (12-18 ms) surface-negative component of the TCEP was selected for study because it is associated with postsynaptic depolarization and strong multi-unit discharge, and shows a frequency of following up to 100 Hz (Vanderwolf et al., 1987; Dringenberg and Vanderwolf, 1994; , submitted for publication); it thus is regarded as a population EPSP (Naito et al., 1970; Vanderwolf et al., 1987; Dringenberg and Vanderwolf, 1994; Racine et al., 1994a Racine et al., ,b, 1995a submitted for publication; C. Trepel and R. Racine, submitted for publication). This component undergoes LTP that is comparable in magnitude to that observed in the hippocampus (Artola and Singer, 1987; Komatsu et al., 1988; Kimura et al., 1989; Racine et al., 1994b Racine et al., , 1995b and is dependent on N-methyl-D-aspartate receptor activation (Artola and Singer, 1987; Kimura et al., 1989 ; C. Trepel and R. Racine, submitted for publication). The complete TCEP consisted of an initial monosynaptic surface and layer V-negative component that peaked between 12 and 18 ms, and a subsequent positive polysynaptic component that occurred between 80 and 120 ms following stimulation onset (Vanderwolf et al., 1987; Dringenberg and Vanderwolf, 1994 ; see Fig. 1 for an example of the initial monosynaptic-negative component). As mentioned previously, the initial monosynaptic-negative component is regarded as an EPSP, and thus the maximum slope and peak amplitude of this component were selected for analysis. In addition to increases in the maximum slope and peak amplitude of the initial component following LTP induction (Racine et al., 1995a,b) , an intermediate component developed in some animals that: (i) peaked between 18 and 35 ms following stimulation onset; (ii) occurred after the initial monosynaptic-negative component and before the subsequent polysynaptic positive component; (iii) was not present before LTP induction; and (iv) is considered to be indicative of potentiation (Racine et al., 1995a,b) . The maximum slope was determined by a microcomputer that calculated the slope of the initial monosynapticnegative component at 0.2 ms intervals and then selected the greatest value. The peak amplitude was calculated by measuring the voltage difference between the onset of the initial monosynaptic-negative component at ∼3-8 ms and its offset at ∼12-18 ms (see Fig. 1 ).
Water Maze
The water maze was a white circular pool that was 1.5 m in diameter and 45 cm deep. A layer of white f loating polypropylene pellets covered the surface of the water, rendering it opaque and concealing the location of an escape platform (15 × 15 cm) that was placed 2.5 cm below the water's surface. To reduce core heat loss the water was maintained at 29 ± 1°C and the rats were placed beneath a heat lamp between training trials. Water maze behavioural data were collected using a recessed videocamera located in the ceiling above the pool, and the swim trials were digitized, stored on disk, and analyzed using the Poly-Track video system and software (San Diego Instruments).
Procedure
A fter completion of the initial I/O profile, baseline recordings were begun. Abbreviated I/O curves were generated each day for 5 consecutive days (sessions 1-5), using the low, medium and high intensity test pulses.
The xTCEP values obtained during sessions 1-5 were averaged and used for comparative purposes throughout the remainder of the study. Upon completion of the last day of baseline recording water maze training was begun.
Water maze training consisted of 10 trials each day for 10 consecutive days (sessions 6-15; total trials = 100). After the last training trial of every second session the escape platform was removed from the pool and each rat was given a probe trial in which it was allowed to swim freely for 60 s. On the next session after each probe trial the location of the hidden platform was moved to a different quadrant of the pool. Thus, the rats learned to swim to five platform positions throughout the experiment. Each training trial consisted of placing a rat into the water next to and facing the pool wall. A trial ended when the rat either mounted the platform or a 60 s default time had elapsed. Once the rat either found the platform or was manually guided there (default), it was allowed to remain on it for 15 s before being removed. Trial start positions were varied pseudorandomly to ensure that the animals learned to swim to the platform from various locations throughout the pool. The time taken to find the platform and the platform quadrant dwell time during the probe trial were used to evaluate water maze acquisition. xTCEPs were taken 1 and 23 h after the last training trial of sessions 6-15 (note: the 23 h measure preceded behavioural training by 1 h). Rectal temperatures were monitored before and after water maze training to ensure that immersion in the water did not alter the rat's core temperature.
To ensure that the stimulation and recording arrangements were capable of detecting LTP, the rats received a series of high-frequency pulse trains beginning 5 days after the completion of water maze training. The trains were delivered over 5 consecutive days (sessions 16-20) . During each session a total of 40 LTP high-frequency trains were delivered at a rate of ∼1 per 10 s. Each train consisted of two bursts of pulses separated by 150 ms. Each burst consisted of four bipolar square waves (0.2 ms each phase) at 400 Hz, delivered at an intensity of 1000 µA (C. Teskey, personal communication).
Post-baseline xTCEP values, collected during the water maze and LTP portions of the study, were compared separately to those collected during baseline and then converted to a percentage change score (PCS) by the following formula: PCS = [(xTCEP baseline -xTCEP post-baseline )/xTCEP baseline ] × 100
Results
The rats rapidly acquired the water maze task (Fig. 2) . Repeated measures ANOVA of search time, for each platform position, revealed significant effects of trial [range of F values: (19,114) = 2.44-11.73, P < 0.01-0.001; Fig. 2) . The results further showed that the rats took significantly longer to find the escape platform on the first two training trials in each new platform position compared with the last two training trials of the previous session [range of t values: (13) = 2.57-4.79, P < 0.05-0.001; Fig. 2 ]. This finding confirmed that moving the location of the platform required the rats to learn each of the five platform positions used throughout the experiment. The rats' acquisition of each platform position was verified by comparing their probe trial dwell time vs. chance [15 s; range of t values: (13) = 2.59-5.00, P < 0.01-0.0001; Fig. 2] .
A repeated-measures ANOVA was used to evaluate whether the xTCEP values obtained after water maze training differed from those taken during baseline recording (Figs 3 and 4) Figs 3 and 4) . There was no correlation between recording electrode depth and the peak amplitude or maximum slope values obtained during the water maze phase of the experiment (data not shown).
To confirm that the recording arrangement and procedure was capable of detecting LTP, an analysis was performed that contrasted the xTCEP values collected during baseline with those collected during LTP induction. The xTCEP values collected during baseline and LTP induction were averaged across sessions before being compared. Since the raw data were converted to a PCS, the amount of variance associated with baseline (sessions 1-5) was different from the amount associated with LTP induction (sessions 16-20). Therefore, one-tailed Wilcoxon matched-pairs signed-ranks tests were used. The analysis revealed that the maximum slope and peak amplitude values were significantly larger after the high-frequency trains were delivered (range of Z values for peak amplitude = 1.86-2.19, all P values <0.05; range of Z values for maximum slope = 1.86-2.02, all P values <0.05). By the last session of LTP induction four of the seven rats displayed a well-defined intermediate component (data not shown).
A similar analysis was performed that contrasted the peak amplitude and maximum slope values obtained during baseline with those obtained after the first LTP session (session 16). The analysis revealed that for most test pulse intensities and time intervals tested there was a significant or near-significant increase in the peak amplitude and maximum slope values obtained after the first session of LTP induction (Z value for peak amplitude 1 h: low intensity = 1.57, P = 0.058; medium intensity = 1.18, P = 0.118; high intensity = 2.02, P = 0.021; 23 h: low intensity = 1.86, P = 0.021; medium intensity = 1.69, P = 0.045; high intensity = 1.36, P = 0.086; Z value for maximum slope 1 h: low intensity = 2.02, P = 0.021; medium intensity = 1.85, P = 0.031; high intensity = 0.943, P = 0.172; 23 h: low intensity = 1.52, P = 0.064; medium intensity = 1.85, P = 0.031; high intensity = 1.52, P = 0.064). There was no correlation between recording electrode depth and the peak amplitude and maximum slope values obtained during the LTP phase of the experiment (data not shown). In sum, the occurrence of LTP after the presentation of the high-frequency trains confirmed that the recording arrangement and procedure were capable of detecting LTP.
To evaluate whether the amount of LTP induced during the LTP phase of the experiment varied as a function of test pulse intensity, as it does in the hippocampus (Cain et al., 1993; Leung and Au, 1993) , Friedman two-way ANOVA by ranks tests were performed. The results showed that the amount of LTP varied as a function of test pulse intensity for peak amplitude (1 h: χ 2 = 8.33, P < 0.05; and 23 h: χ 2 = 7.0, P < 0.05; Fig. 3 ) and maximum slope (1 h only: χ 2 = 7.0, P < 0.05; Fig. 4 ). In each instance where a significant effect was observed, the test pulse intensities were ordered in the following manner according to the amount of detected LTP: low, medium, high.
Histological verification of electrode placement by light microscopy in gallocyanin-stained slices revealed that the mean depth of the recording electrode was 0.86 ± 0.32 mm (range 0.20-1.18 mm) and the mean depth of the stimulating electrode was 0.94 ± 0.35 mm (range 0.38-1.19 mm) below the surface of the PPC. The recording electrode was located in layer II-III in two rats, on the border between layers IV and V in one rat, and in layer VI in four rats (Zilles, 1985) . Thus all cortical layers except layer I were represented in the present sample.
Discussion
This is the first study that has evaluated the role of neocortical LTP in a specific learning and memory task. The major findings were: (i) there was no detectable change in PPC field potentials as a result of water maze training, despite the occurrence of robust behavioural learning; and (ii) the recording arrangement and stimulation protocol was capable of inducing and detecting LTP in PPC field potentials.
In contrast to earlier attempts to electrophysiologically induce LTP in chronically prepared animals (Racine et al., 1994a (Racine et al., , 1995b , we observed LTP after the first session of stimulation for most test pulse intensities and time inter vals tested. In the chronic preparation the amount of LTP that different cortical areas express as a result of high-frequency stimulation is presently unknown, and it is possible that the PPC expresses more LTP than other cortical areas. Some evidence for this possibility has been provided by Racine et al. (1994b) , who showed that in the acute preparation the parietal neocortex expressed more LTP than various other cortical areas. However, more work with the chronic preparation is needed to better characterize the properties that govern expression of LTP in different areas of the neocortex. As in the hippocampus (Cain et al., 1993; Leung and Au, 1993) , the amount of detectable LTP in the PPC was greatest when measured with low-intensity test pulses and least when measured with high-intensity test pulses.
There may be several reasons why learning-induced LTP was not observed after spatial training. The first is that the PPC may not have been the appropriate cortical area to investigate for learning-induced LTP as a result of spatial training. However, as mentioned previously, lesions of the PPC cause deficits in spatial performance (Kolb and Walkey, 1987; DiMattia and Kesner, 1988; Kolb et al., 1994; but see McDaniel and Skeel; , thus making the PPC a likely candidate for obser ving learninginduced LTP as a result of spatial training. Although lesions to other areas of the neocortex also impair spatial performance (Kolb et al., 1983 (Kolb et al., , 1994 , the constellation of deficits produced by these lesions is not linked as directly to spatial performance as those observed with PPC damage (Kolb et al., 1983 (Kolb et al., , 1994 . The PPC has been deemed 'multisensory association cortex' because of its extensive cortico-cortical connections (Miller and Vogt, 1984; Kolb and Walkey, 1987) . Thus, the nature of these cortico-cortical connections makes the PPC well suited for mediating at least some aspects of spatial navigation (for review see Kolb and Walkey, 1987; Kolb et al., 1994) . Moreover, the PPC contains cells that can be selectively active when a rat makes certain motor responses in the presence of previously learned distal maze cues . This finding has been interpreted to suggest that the PPC provides an essential component for a system that provides representations between various spatial relationships . Taken together, these published data indicate that the PPC may be one of the better neocortical sites for mediating the neuroplastic changes related to spatial learning. However, it will be necessary to evaluate the possibility that learning-induced LTP occurs in other neocortical regions after spatial training before rejecting neocortical LTP as a candidate mechanism of spatial learning.
Another possible explanation why learning-induced LTP was not observed in the present experiment is that the amount of learning-induced LTP might vary as a function of the depth of the electrode placements in the neocortex. In this experiment the majority of recordings were taken from deep neocortex. It is conceivable that learning-induced LTP might have been obser ved if the majority of recordings had been taken from the superficial cortical layers. However, in acute and chronic preparations the amount of electrophysiologically induced LTP was independent of recording depth (Racine et al., 1994a,b) . Thus it is unlikely that the present findings can be attributed solely to the depth placement of the electrodes. Furthermore, in the present experiment there was no discernible relationship between the cortical layer the recordings were taken from and the xTCEP values obtained during the water maze and LTP phases of the experiment. Moreover, two of seven electrode placements were in the superficial layers but their xTCEP values were not observably different from those located in the deep layers. Therefore, taken together, these available data suggest that electrode placement depth does not account for the failure to observe learning-induced LTP.
A further reason why learning-induced LTP was not observed in the present study may have been because opposing synaptic changes, such as long-term depression (LTD), masked any learning-induced LTP effects. Thus, it is possible that opposing synaptic weights induced by the training offset each other, resulting in xTCEPs that remained near baseline. The ability of the neocortex to express LTD is well documented (Artola et al., 1990; Bear and Malenka, 1993; Kirkwood et al., 1993; Kirkwood and Bear, 1994; Racine et al., 1994a Racine et al., , 1995b , and it has been argued that the induction of LTP vs. LTD in the neocortex is dependent upon the level of depolarization in the post-synaptic neuron (Artola et al., 1990) . If the post-synaptic neuron is sufficiently depolarized, LTP can be expressed, whereas subthreshold post-synaptic depolarization can result in LTD (Artola et al., 1990) . In view of this, we evaluated the possibility that xTCEP changes could be linear or quadratic in nature over sessions during the water maze portion of the experiment. Specifically, we attempted to determine if the xTCEP values during the early portion of water maze training might have ref lected LTD (i.e. subthreshold), whereas the xTCEP values collected later in training might have expressed LTP (i.e. at or above threshold). However, the trend analysis failed to yield any evidence that a linear or quadratic pattern of this nature was present for the xTCEP values collected during water maze training. Thus, our data fail to provide evidence of LTP or LTD effects after extensive water maze training.
Our failure to observe changes in PPC TCEPs as a result of spatial training does not necessarily imply that this area does not contain the requisite neuroplasticity to mediate performance of this task. Rather, the PPC might contribute to spatial performance, but standard electrophysiological measures such as field potentials may not be sensitive enough to detect such effects. Indeed, Marr (1971) has suggested that if LTP-like changes in field potentials occur as a result of a small amount of learning, it would presuppose that large proportions of synapses were potentiated. If true, this would imply that the storage capacity of the system is low, which appears to be inconsistent with the vast literature on animal learning. Furthermore, Racine et al. (1994a) have shown that in rats, exposure to an enriched environment (EE) had no effect on TCEPs, despite producing an 8.9% increase in neocortical thickness. Although the small number of neocortical sites tested in the Racine et al. (1994a) study precludes drawing any definitive conclusions about the effects of an EE on TCEPs, it does suggest that field potentials might be an insensitive measure for documenting subtle changes in neocortical function. On the other hand, recent work has shown that field potential recordings can reveal learning-related changes in the function of auditory circuits projecting to the lateral amygdala (Rogan et al., 1997) .
In summary, we attempted to maximize the possibility of finding LTP or LTD in an area of neocortex known to be importantly involved in spatial performance, but failed to obtain any evidence that these forms of plasticity resulted from water maze training, despite the occurrence of robust behavioural learning. This failure could be attributed to a variety of factors, including the possibility that LTP and LTD are not useful models for studying the synaptic changes that underlie learning and memory, or that averaged field potentials are not sensitive enough to detect subtle changes in brain function, such as changes in the efficacy of individual synapses in a distributed learning system.
